Aims/hypothesis Interleukin-1 receptor antagonist (IL1RN, also known as IL1RA) is a naturally occurring inhibitor of IL-1 action and its overproduction protects pancreatic islets from the deleterious effects of IL-1β on beta cell replication, apoptosis and function.
Introduction
In the initial days after transplantation islets are particularly vulnerable [1] , and more than half of the islet tissue is lost due to increased beta cell apoptosis and necrosis [2] . This initial beta cell death occurs before immunological rejection or recurrence of autoimmunity, is found in syngeneic, allogeneic and xenogeneic transplants, increases the beta cell mass needed to achieve normoglycaemia after transplantation, and may contribute to the long-term failure of the graft [3] .
Many factors play a role in early beta cell damage and death after transplantation, including islet injury during isolation [4, 5] , technical problems in the transplantation process [6] , inadequate mass of islet tissue [7] , hypoxia [8] , exposure to the recipient hyperglycaemia [9] , absence of survival factors present in the non-endocrine pancreas [10] , or disruption of islet cellular connections to extracellular matrix [11] . In addition, non-specific inflammation at the grafted site, involving the expression of pro-inflammatory cytokines, is considered to play a role in early graft failure [4, 5, 12, 13] . We have identified increased production of IL-1β in syngeneically transplanted islet grafts, thereby confirming the presence of an inflammatory process in early islet transplantation even in most favourable conditions for islet survival [14, 15] . Considering the well established cytotoxicity of IL-1β [16, 17] , we have hypothesised that IL-1β contributes to the damage of islet cells occurring in the initial days after transplantation.
Interleukin-1 receptor antagonist protein (IL1RN, also known as IL-1Ra) is a naturally occurring inhibitor of IL-1 action that binds to the type 1 IL-1 receptor, but does not initiate IL-1 signal transduction [18, 19] . IL1RN overproduction prevented the deleterious effects of IL-1β on beta cell function and apoptosis in cultured human islets [20] . In vivo, IL1RN administration prevented low-dose streptozotocin (STZ)-induced diabetes [21] , and protected transplanted islets from allogeneic rejection [22] and autoimmune attack [23] . However, the potential effects of IL1RN on the initial non-specific beta cell damage after transplantation have not been determined.
We recently reported that IL1RN overproduction protected cultured islets from IL-1β-induced reduction in beta cell replication, and also found increased beta cell replication in a small number of islet grafts overproducing IL1RN [15] . These results lead us to hypothesise that IL1RN could block the non-specific inflammation mediated by IL-1β and the ensuing beta cell damage and death in recently transplanted islets. In this study we used a syngeneic islet transplantation model to test this hypothesis. We found that the overproduction of IL1RN has a beneficial effect on transplanted beta cell death, replication and mass, and on the metabolic outcome of the graft.
Materials and methods
Animals Animal experimental procedures were reviewed and approved by the Ethical Committee of the University of Barcelona. Male inbred LEW/SsNHsd rats (Harlan, Horst, the Netherlands) (8-10 weeks old) were used as donors and recipients of transplantation. The recipients were made diabetic by a single intraperitoneal injection of STZ (Sigma Immunochemicals, St Louis, MO, USA), 60 mg/kg body weight. Diabetes was confirmed by the presence of hyperglycaemia, polyuria and no weight gain. Only rats with a blood glucose >20 mmol/l on a minimum of two consecutive measurements were transplanted. Blood glucose was determined between 9 and 11 h in non-fasting conditions. Blood was obtained from the snipped tail and glucose was measured with a portable meter.
Experimental groups STZ-diabetic rats were randomly transplanted with 500 islets infected with adenovirus (Ad) encoding for IL1RN (Ad-Il1rn) or with 500 uninfected syngeneic islets. Transplantation of 500 islets provides a clearly insufficient beta cell mass to restore normoglycaemia in this model, and the animals were expected to remain hyperglycaemic after transplantation [24] . Since glucose is known to modify beta cell replication, apoptosis and mass, we used this model to ensure that Ad-Il1rn-infected and uninfected islets would be exposed to the same level of hyperglycaemia after transplantation. Since adenoviral infection has been associated with cytopathic effects, control animals were transplanted with uninfected islets that were expected to provide a better outcome than islets infected with control adenovirus. Thus, Ad-Il1rn-infected islets were compared against the best control islets. Grafts were removed on days 3 (n=12), 10 (n=12) and 28 (n=12) after transplantation (six groups, n=6 for each experimental group).
To determine the effects of IL1RN overproduction on the metabolic outcome of the graft, two additional groups of STZ-diabetic rats were randomly transplanted with 800 islets infected with Ad-Il1rn (n=5) or 800 uninfected (n=5) islets, a borderline beta cell mass that can restore normoglycaemia in some but not all STZ-diabetic rats [24] . Thus, this model was used to determine whether IL1RN overproduction could accelerate or increase the achievement of normoglycaemia after transplantation. The grafts were removed on day 28 after transplantation. After graft removal blood glucose was determined to assess the recurrence of hyperglycaemia. A group of control nontransplanted rats (n=6) had their blood glucose and body weight determined weekly.
Islet isolation and gene transfer Islets were isolated by collagenase (Collagenase P; Boehringer Mannheim Biochemicals, Mannheim, Germany) digestion of the pancreas and hand-picked under a stereomicroscope two or three times, until a population of pure islets was obtained [25] . Groups of 200 islets were infected with Ad-Il1rn or Ad encoding for green fluorescent protein (GFP; Ad-GFP) at a plaque-forming unit of 6.25×10 6 as previously described [15] . After infection, islets were incubated overnight in non-tissue culture treated plastic ware at 37°C in serumcontaining medium at 11.1 mmol/l of glucose. Uninfected islets had the same treatment as infected islets, but in the absence of adenovirus.
Islet transplantation and graft harvesting After overnight incubation, Ad-Il1rn-infected and uninfected islets were counted into groups of 500 or 800 islets and transplanted under the left kidney capsule of the recipients [25] . To remove the graft, the kidney capsule surrounding the graft was incised and removed together with the graft. The grafts were immediately immersed in 4% paraformaldehyde-PBS, fixed overnight and, after removal of any excess paraformaldehyde by capillary action, weighed [25] .
Efficiency of infection Since IL1RN can be naturally produced by islet cells [26] and by non-infected cells, the efficiency of infection was quantified in Ad-GFP-infected islets. At 24 h after infection, islets were dispersed into single cells and analysed by flow cytometry, as previously described [15] . IL1RN production was determined by immunohistochemistry in islets before and after transplantation. Sections were incubated overnight at 4°C with a goat anti-human IL1RN antibody (final dilution 1:20) (R&D Systems, Minneapolis, MN, USA). Visualisation was performed with LSAB+ System-HRP (DakoCytomation, Carpinteria, CA, USA).
Ad-GFP-infected islet grafts that were removed 3 days after transplantation were used to establish whether beta cells colocalised with GFP in transplanted islets. Sections were immunostained with a guinea pig anti-swine insulin antibody (dilution 1:250; DakoCytomation) and detection was performed with a secondary anti-rabbit Alexa Fluor 546-conjugated antibody (1:200; Molecular Probes, Leiden, the Netherlands). Preparations were analysed for colocalisation by spectral confocal microscopy and images were processed with Leica Confocal Software, version 2.5 (Leica Microsystems Heidelberg, Mannheim, Germany).
CD68 immunohistochemistry
To identify the presence of macrophages, a well-known source of IL-1β, we stained CD68-producing cells (monocyte/macrophage lineage marker) in islet grafts. The sections were incubated overnight at 4°C with mouse anti-rat CD68 antibody (final dilution 1:100; Serotec, Oxford, UK), and visualisation was performed by Envision+ System-HRP (DakoCytomation).
Beta cell apoptosis Sections were double-stained by immunoperoxidase for apoptotic nuclei using the terminal deoxynucleotidyl transferase biotin-dUTP nick end labelling (TUNEL) technique (In Situ Cell Death Detection Kit, ApopTag; Intergene, Oxford, UK) and by alkaline phosphatase for the endocrine non-beta cells of the islets [2] . A cocktail of antibodies (DakoCytomation) including rabbit anti-swine glucagon (final dilution 1:1,000), rabbit antihuman somatostatin (final dilution 1:1,000) and rabbit antihuman pancreatic polypeptide (final dilution 1:500) was used [2] . We stained the endocrine non-beta cells instead of beta cells because the high glucose concentrations used in most of the experimental conditions are associated with beta cell degranulation and may result in weak insulin staining. We have previously shown the validity of staining the endocrine non-beta cells to determine beta cell apoptosis [2] . When assessing apoptotic nuclei we excluded necrotic regions. Beta cell apoptosis was expressed as percentage of TUNEL-positive beta cells. A minimum of 1,200 beta cells were counted per graft.
Beta cell apoptosis was also determined in six pancreases from normal Lewis rats (8-10 weeks old).
Beta cell replication Rats were injected with the thymidine analogue 5-bromo-2′deoxyuridine (BrdU; Sigma), 100 mg/kg body weight i.p., 6 h before removing the graft. Sections were double stained with immunoperoxidase for BrdU using a cell proliferation kit (Amersham, Amersham, UK) with a modified protocol [2] ; for endocrine non-beta cells of the islets the cocktail of antibodies described above was used. To validate this measurement, beta cell replication was also determined in sections stained for beta cells with an anti-insulin antibody. A rabbit anti-human insulin antibody (1:50) (Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used.
Beta cell replication was also measured in the pancreases of six normal Lewis rats (8-10 weeks old) injected with BrdU 6 h before pancreas excision. Beta cell replication in islet grafts and in control pancreas was expressed as percentage of BrdU-positive beta cells, and at least 1,200 beta cells were counted per sample.
Individual beta cell area The mean cross-sectional area of individual beta cells, a measure of beta cell size, was determined using image-analytical software (AnalySIS 3.0; Soft Imaging System, Münster, Germany) [2] . The individual beta cell area on the day of transplantation was determined in sections from the six groups of 500 isolated islets that were used to measure the initially transplanted beta cell mass. For both grafts and isolated islets, the perimeter of the beta cell tissue on a random field was carefully traced on the computer's monitor to exclude any other tissue, and the total beta cell area and beta cell nuclei (302±22 nuclei per sample) in that field were determined. To calculate the area of the individual beta cells, the total beta cell area in the field was divided by the number of beta cell nuclei.
Beta cell mass Beta cell mass measured by point-counting morphometry as previously described [27] . Beta cell mass was obtained by multiplying the weight of the graft by the relative beta cell volume.
The beta cell mass of islets at the time of transplantation was determined in six groups of 500 islets isolated on different days. Islets were pelleted, and then fixed and weighed as described for islet grafts. The beta cell mass was obtained by multiplying the weight of the islets by the percentage of beta cell volume, determined with imageanalytical software (AnalySIS 3.0; Soft Imaging System) on sections of the islet pellets.
Statistical analysis Results were expressed as means ± SE. Statistics were performed using SPSS 14.0S for Windows, and differences between means were evaluated by ANOVA. The Fisher's protected least significant difference method confocal microscopy, confirming coproduction of GFP (c) and insulin (d) by some cells (e) in transplanted islets. Note that the merge of GFP (green) and insulin (red) does not result in orange due to the high intensity of the GFP signal, compared with that of insulin. FSC, forward scatter cytometry was used to determine specific differences between means when determined significant by ANOVA main effects analysis. A p value of less than 0.05 was considered significant.
Results
Efficiency of adenoviral infection All islets and 30% of individual islet cells produced GFP 24 h after infection (Fig. 1a,b) . After infection the expression of the transgene was higher in peripheral cells of the islets, but was not restricted to them. After transplantation GFP expression was abundant in islet grafts, was distributed fairly homogeneously throughout the graft and colocalised primarily with insulin positive cells (Fig. 1c-e) . Specific staining with IL1RN antibody showed some weakly positive cells in uninfected islets and a clear overproduction in Ad-Il1rn infected islets before and after transplantation (Fig. 2) .
Macrophage infiltration in syngeneic islet grafts A low number of macrophages was identified in isolated islets before transplantation, as previously described [28] . In contrast, CD-68 positive cells were abundant in islet grafts, but they were located almost exclusively outside the islet tissue around the transplanted islets. The distribution and abundance of macrophages was similar in uninfected grafts and Ad-Il1rn-overproducing grafts (Electronic supplementary material [ESM] Fig. 1) . No signs of rejection were found in Ad-Il1rn infected grafts at any time point after transplantation.
Metabolic evolution in 500-islet grafts The evolution of blood glucose and body weight is shown in Fig. 3 . All groups were comparable when injected with STZ as well as when islets were transplanted. One animal in the Ad-Il1rn group achieved normoglycaemia; all others remained hyperglycaemic until the end of the study.
Beta cell replication is enhanced by IL1RN overproduction Beta cell replication was similar when beta cells were visualised using an insulin antibody or the cocktail of antibodies against the endocrine non-beta cells of the islets. Beta cell replication was significantly increased in the AdIl1rn group on days 3 (insulin staining: 0.87±0.18%; cocktail staining: 0.78±0.23%), 10 (insulin staining: 1.13± 0.16%; cocktail staining: 1.15±0.16%) and 28 (insulin staining: 0.92±0.26%; cocktail staining: 1.22±0.2%) compared with beta cell replication in normal pancreas (insulin staining: 0.37± 0.08%; cocktail staining: 0.24±0.04%) (Fig. 4) . In contrast, in the uninfected group, beta cell † p<0.02 versus control pancreas, *p<0.05 between uninfected and Ad-Il1rn groups on day 28 after transplantation for Fisher protected least significant difference replication was not increased on day 3 after transplantation (insulin staining: 0.38±0.07%; cocktail staining: 0.41± 0.11%), and although it increased on day 10 (insulin staining: 0.72±0.07%; cocktail staining: 0.89±0.18%; p<0.01), it was reduced again on day 28 (insulin staining: 0.40±0.11%; cocktail staining: 0.59±0.10%) in agreement with previous reports of limited beta cell replication with persistent hyperglycaemia [8] .
Beta cell apoptosis Beta cell apoptosis was significantly increased in transplanted islets from all groups compared to pancreas (Fig. 5) . Beta cell apoptosis was 25% lower in all Ad-Il1rn groups than in uninfected groups, but the difference did not reach statistical significance.
Individual beta cell size The individual cross-sectional area of beta cells in isolated islets was 116±4 μm 2 , and it increased significantly in islet grafts on days 3, 10 and 28 after transplantation (Fig. 6) . At all time points after transplantation, beta cell size was similar in uninfected and Ad-Il1rn groups.
Beta cell mass The initially transplanted beta cell mass (1.34±0.03 mg) was reduced in uninfected (0.32±0.06 mg) and Ad-Il1rn groups (0.45±0.10 mg) (p<0.001) on day 3 after transplantation (Fig. 7) . Although beta cell mass in AdIl1rn grafts was 40% higher than in the uninfected group, the difference did not reach statistical significance. In AdIl1rn islet grafts, beta cell mass was subsequently increased on days 10 (1.04±0.09 mg; p<0.01) and 28 (0.80±0.24 mg) after transplantation compared with day 3. In contrast, in the uninfected group beta cell mass increased only on day 10 after transplantation, (0.69±0.12 mg), dropping again on day 28 (0.41±0.05 mg). The evolution of beta cell mass paralleled the evolution of beta cell replication in this group.
IL1RN overproduction improved the metabolic outcome of islet grafts
To explore the effects of IL1RN overproduction on the outcome of islets grafts, STZ-diabetic rats were transplanted with 800 syngeneic islets, a borderline beta cell mass to achieve normoglycaemia.. At 14 days after islet transplantation, all animals transplanted with 800 Ad-Il1rn-transduced islets achieved normoglycaemia, remaining normoglycaemic until graft removal on day 28 (Fig. 8) . In contrast, the group transplanted with uninfected islets remained hyperglycaemic throughout the study, and only 40% of the animals were normoglycaemic on day 14 (p= 0.03). All normoglycaemic rats developed clear hyperglycaemia after graft removal. 
Discussion
In this study, we show that the overproduction of IL1RN in syngeneically transplanted islets increased beta cell replication and mass in islet grafts, and improved the metabolic outcome. In addition, beta cell apoptosis was 25% lower in IL1RN-overproducing grafts. These beneficial effects of IL1RN overproduction on transplanted beta cells accelerated the recovery of normoglycaemia and reduced the amount of islet tissue required to consistently achieve normoglycaemia after transplantation to STZ-diabetic rats. The results provide direct evidence of the contribution of the proinflammatory IL-1 to the initial non-specific inflammation that damages transplanted islets even in the absence of rejection or autoimmune attack, and indicate that IL-1 antagonism may be a useful strategy to increase the survival of transplanted beta cells and to reduce the islet cell number required to achieve normoglycaemia after transplantation.
The initial days after transplantation are a critical period for islets. We have previously shown that on day 3 more than 60% of the transplanted beta cell mass is lost, even when islets are transplanted in optimal conditions [2] . Increased islet cell death by necrosis and apoptosis was a major contributor to this early loss of transplanted islets. The magnitude of the initial beta cell loss, previously reported in transplanted mice islets [2] , was confirmed in the current experiments in a rat model. Severe reductions in grafted beta cell mass have also been suggested in studies using insulin secretion or insulin content as surrogate measurements of beta cell mass [1] . Moreover, after successful human islet allotransplantation to diabetic patients, beta cell function was only 20% of normal despite the transplantation of a high beta cell mass [29] . Thus, severe initial beta cell loss is a general process in islet transplantation. The well-known deleterious effects of IL-1β on beta cells include the impairment of beta cell function and the induction of beta cell death [16, 17] . In addition, IL-1β suppresses beta cell replication in adult rat islets in vitro [15] . Therefore, the beneficial effects that we found in beta cell replication and mass in IL1RN-overproducing transplanted islets are in agreement with the expected results of blockade of the deleterious actions of IL-1β.
On day 3 after transplantation, beta cell replication was increased in IL1RN-overproducing grafts, but not in uninfected grafts, despite the ambient hyperglycaemia. Since it is well established that glucose increases beta cell replication [30, 31] , the non-increased beta cell replication in uninfected islet grafts was inadequate. In contrast, beta cell replication was appropriately increased when IL-1β action was antagonised in IL1RN-overproducing grafts. The results indicate that IL-1β has an inhibitory effect on beta cell growth in early transplantation and that this effect may contribute to the initial reduction in transplanted beta cell mass.
Beta cell replication remained appropriately increased in IL1RN-overproducing islets exposed to chronic hyperglycaemia 10 and 28 days after transplantation. In contrast, beta cell replication in uninfected grafts was increased only on day 10, but not on day 28, despite persistent hyperglycaemia, in agreement with previous data reporting impaired beta cell replication in transplanted islets exposed to long-term hyperglycaemia [2, 6, 32] p<0.01 versus non-diabetic non-transplanted group for Fisher protected least significant difference PLSD in IL1RN-overproducing islets suggests that IL-1 plays a role in limiting replication in beta cells exposed to chronic hyperglycaemia, and could be in agreement with the reported, although recently questioned [33] , induction of IL-1β production in islets exposed to chronic hyperglycaemia [34] . The substantial graft infiltration by macrophages, which we identified throughout the study and which probably occurred in response to increased beta cell death, suggests that macrophages were the major source of IL-1β in islet grafts.
The effects of IL-1β on beta cell death have been known for many years, and we expected to find a reduction in beta cell apoptosis in Ad-Il1rn-infected grafts. Overproduction of IL1RN reduced beta cell apoptosis by approximately 25% in transplanted islets, but this reduction did not reach statistical significance, with beta cell apoptosis remaining increased both in IL1RN-overproducing and in uninfected transplanted islets compared with pancreatic islets of control rats. The effects of IL1RN on beta cell apoptosis may have been limited due to the multiplicity of factors that, in addition to IL-1, contribute to beta cell death in transplanted islets. Moreover, the detection of differences in apoptosis among groups may have been obscured by the short duration of the apoptotic process. Taking into account these limitations, it is interesting to note that, despite an intervention acting on a single pro-apoptotic factor only, a 25% reduction in beta cell apoptosis was achieved.
Beta cell hypertrophy was found in IL1RN-overproducing and in uninfected islet grafts, in agreement with previous observations in transplanted beta cells exposed to hyperglycaemia [2, 35] . IL-1 has no known effects on individual beta cell size, and accordingly the blockade of IL-1 action by IL1RN did not modify the size of transplanted beta cells. The similar individual cross-sectional beta cell area in IL1RN-overproducing and in uninfected islet grafts indicates indirectly that the differences found in replication and mass were due to the specific blockade of IL-1 in islets overproducing IL1RN.
Beta cell mass was dramatically reduced on day 3 after transplantation, both in uninfected and in IL1RN-overproducing islets. Although there were no statistically significant differences among groups on day 3, beta cell mass was already 40% higher in IL1RN-overproducing grafts, possibly reflecting the higher beta cell replication and reduced apoptosis. Subsequently, increased beta cell replication and reduced apoptosis in IL1RN-overproducing grafts resulted in the restoration of initially transplanted beta cell mass on day 10 and in its preservation on day 28, despite continuous exposure to hyperglycaemia. In contrast, beta cell mass in uninfected grafts was temporarily increased on day 10, when beta cell replication and individual size increased, but was reduced again after 28 days of exposure to chronic hyperglycaemia due to persistently increased apoptosis and limited beta cell replication. To determine whether the positive effects of IL1RN overproduction on beta cell mass resulted in changes in metabolic control after transplantation, we performed a new group of experiments involving the transplantation of a borderline (800 islets) beta cell mass. In this model, the overproduction of IL1RN consistently accelerated the restoration of normoglycaemia in diabetic recipients.
We achieved the infection of all islets and of 30% of the islet cells, an infection rate which is well within the limits described in the literature [36] . It is important to note that since IL1RN is secreted and exerts a paracrine effect on neighbouring beta cells, it was active on more islet cells than just those infected by the adenovirus [20] . The development of immune intolerance against the adenovirus was not a concern in the current experiments, which focused on the initial days after transplantation, before the potential inflammatory response against the adenovirus could take place, and accordingly we found no signs of lymphocyte infiltration in IL1RN-overproducing grafts, in agreement with reports of adenoviral expression in islet grafts up to 20 weeks after infection [37] .
Adenoviral vectors have been used previously to achieve transient transgene expression in islet grafts aiming to increase the survival or the growth of transplanted islets [38] [39] [40] [41] [42] [43] [44] . In islet grafts, overexpression of the antiapoptotic gene Bcl2 [40] and the cytoprotective gene A20 (also known as Tnfaip3) [41] , and overproduction of the antioxidant metallothionein [42] , the mitogenic and survival factor hepatocyte growth factor [38, 43] or the key protein kinase B/Akt [44] , have successfully improved the metabolic outcome in experimental islet transplantation. However, the effects of transgene overexpression on apoptosis, growth or beta cell mass of transplanted cells were not quantified, and the confounding effects of the different blood glucose concentrations achieved in experimental groups were not taken into account, thereby limiting overall understanding of the events that took place in the graft. Our results clearly show the importance of performing a detailed quantitative study of the graft to fully understand the mechanisms of an improved metabolic outcome. For instance, we expected that the beneficial effect of IL1RN overproduction would ensue primarily by reducing beta cell death, but the results revealed that increased beta cell replication played an important role in the beneficial effect of IL1RN overproduction.
The study of the initial damage of transplanted islets is complex due to the multiplicity of contributing factors, and the difficulties associated with the use of an in vivo model. The results of the current experiments showing that blockade of IL-1 by IL1RN improved the outcome of syngeneic islet grafts provide a direct indication of the role of IL-1 in early damage of transplanted islets, and support the potential therapeutic value of IL1RN in islet transplantation. Recently, treatment with IL1RN has been shown to improve beta cell function in type 2 diabetic patients [45] . Although the effects of IL-1β may be different in islet grafts and in type 1 and type 2 diabetes, we suggest that IL-1β may play a dual role in beta cell mass reduction in diabetes, inducing, on the one hand beta cell death, and on the other, suppressing beta cell compensatory replication.
